

















results were subsequently confirmed by direct
pathogen detection for all 4 bornavirus encephali-
tis cases. In this study, as well as in previous stud-
ies, higher and earlier detectable antibody titers
were usually observed in serum samples than in
CSF samples (2,12,13). The time of seroconversion
during human bornavirus encephalitis is variable;
some patients are already seropositive at the time
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of hospitalization, and others show development
of detectable antibodies only shortly before death
(2,12). Thus, serologic follow-up testing (likely
within days) should be performed in encephalitis
case-patients who have epidemiologic risk factors
but initially negative results because such patients
might be infected with zoonotic bornaviruses but
might not yet have seroconverted.

Figure 4. Phylogenetic
analysis of BoDV-1 nucleotide
sequences from virus-endemic
areas, Germany. Shown are
partial bornavirus sequences
(nucleoprotein gene to
phosphoprotein gene, 1,824

nt, representing genome
positions 54—-1877 of BoDV-1
reference genome U04608),
including BoDV-1 sequences
from animals and humans

in virus-endemic regions in
Germany, Austria, Switzerland,
and Liechtenstein. BoDV-2

was used as an outgroup.
Analysis was performed by
using the neighbor-joining
algorithm and the Jukes—Cantor
distance model in Geneious
Prime (https://www.geneious.
com) and the tree was rooted
for the VSBV-1 clade. Human
sequences are indicated in
black. Sequences of cases

1—-4 included in this study are
indicated in bold. Values at
branches represent support

in 1,000 bootstrap replicates.
Only bootstrap values >70

at major branches are

shown. Cluster designations,
host, and geographic origin

are indicated according to
previously published studies
(2,7,8,12,17-23). Colors and
numbers at right indicate
clusters. Scale bar indicates
nucleotide substitutions per site.
AUT, Austria: UA, Upper Austria;
ST, Styria. GER, Germany:

BB, Brandenburg; BW, Baden-
Wuerttemberg; BY, Bavaria;
HE, Hesse; NI, Lower Saxony;
RP, Rhineland-Palatinate; SN,
Saxony; ST Saxony-Anhalt. LIE,
Liechtenstein. SUI, Switzerland:
GR, Grisons; SG, St. Gall.
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IFAT appears to be more sensitive than the line
blot assay used in this study and previous studies
(12). In this study, line blot results were below the
cutoff value for case-patient 4 in serum and CSF
samples. This finding emphasizes the need for sero-
logic follow-up testing for some case-patients, with
the expectation that the screening test result will be
confirmed by positive single-antigen assay results
in follow-up samples that have increased antibody
titers. Without the molecular confirmation, case-
patient 4 would have been classified as having a
possible case, stressing the need for molecular test-
ing. In addition to sensitivity, specificity is a crucial
issue of serologic testing for bornavirus infections,
emphasizing the need for careful evaluation of
IFAT results with a specific granular intranuclear
pattern observed only in the bornavirus-infected
cells (2,11,15,16).

Orthobornaviruses show considerable cross-
reactivity among each other (16). Furthermore, anti-
bodies against individual antigenic epitopes might
be detected despite lack of any known previous bor-
navirus contact, leading to false-positive results (19).
Establishing and optimizing assays such as Western
blot, line blot, or ELISA, for detection of antibodies
against individual bornavirus antigens are needed to
enable subsequent confirmation of positive IFAT re-
sults and help to partly overcome the shortcomings
of bornavirus serologic analysis. Furthermore, com-
parative testing by using antigens from different or-
thobornaviruses by IFAT (16) or line blot (as shown
in this study) can enable discriminatory prediction of
VSBV-1, BoDV-1, or other orthobornavirus infections.
In the line blot used in this study, serum samples
from VSBV-1-infected and BoDV-1-infected patients
reliably showed higher arbitrary antibody units for
the respective homologous P antigen than for heter-
ologous antigen (Table 2). This provisional discrimi-
nation might be useful for prognosis because BoDV-1
infections appear to be more rapidly fatal than VSBV-
1 infections. Despite these measures, incidental, sin-
gular, bornavirus-reactive antibodies might remain
indistinguishable from truly positive results.

Because of these limitations of serologic testing,
direct pathogen detection is mandatory to confirm the
initial serologic diagnosis and discrimination of VSBV-
1 and BoDV-1 infections, as indicated in the graded case
definitions (Table 1). However, intra vitam direct de-
tection of the virus is severely hampered by the strong
cell-associated and neurotropic nature of the virus and
its almost exclusive restriction to the central nervous
system in dead-end hosts, such as humans (2,11,12).
The virus is not detectable in blood, and viral RNA
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detection by qRT-PCR in CSF samples often shows
negative or only weakly positive results; the nega-
tive predictive value appears to be low (12). Bornavi-
rus RNA detection in biopsy specimens from affected
brain areas seems to be the most sensitive diagnostic
method, but the difficulties with these procedures are
high and unlikely to be met early in the disease course.
Postmortem, unequivocal confirmation of infection can
be made by using qRT-PCR, in situ hybridization, and
immunohistochemical analysis of brain tissue (2,3,9-
13). Sequencing the viral genome and subsequent phy-
logeographic analysis might provide information on
the regional source of infection (2,12).

The first limitation of this study is that, al-
though it was a large screening program of enceph-
alitis cases for bornavirus infections, a complete or
representative sampling was not performed. Thus,
the prevalence of human bornavirus encephalitis
remains to be investigated. Second, only a few bor-
navirus cases were found, which was partly caused
by the overall low incidence of bornavirus enceph-
alitis in humans. This limitation also emphasizes
the need for increased awareness for this disease.
Detection of future cases will provide further op-
portunity to approve the herein proposed case defi-
nition criteria. Third, only encephalitis cases from
Germany were investigated in this study. How-
ever, the virus-endemic region for BoDV-1 also
includes neighboring Austria, Liechtenstein, and
Switzerland. Undetected human BoDV-1 cases are
also expected in these countries.

In conclusion, human bornavirus encephalitis cas-
es remain rare in the general population in Germany,
even for BoDV-1 infections in areas to which animal
BD is endemic. Human bornavirus encephalitis is of-
ten fatal. Chronic cases occur at least for VSBV-1 infec-
tions, but might be exceptional. There is no evidence
that zoonotic bornaviruses might cause diseases other
than encephalitis (e.g., encephalomyelitis, encephalo-
myeloradiculits) in humans. Antibody testing in se-
rum samples is sensitive but requires confirmation by
direct detection of virus. The proposed testing scheme
and case definitions proved useful. All patients who
have encephalitis (especially a severe course) from
virus-endemic areas or after contact with exotic squir-
rels should be tested for a bornavirus infection, ide-
ally early in the disease course by antibody testing in
serum samples.

The study was supported by the Federal Ministry of
Education and Research within the Zoonotic Bornavirus
Consortium, a project of the National Network of Zoonotic
Infectious Diseases in Germany (grant no. 01KI12005C).

Emerging Infectious Diseases « www.cdc.gov/eid * Vol. 27, No. 5, May 2021



About the Author

Dr. Eisermann is a clinical microbiologist at the Bernhard

Nocht Institute, Hamburg, Germany. His research interests

focus on emerging viral diseases.

References

1.

10.

11.

12.

Hoffmann B, Tappe D, Hoper D, Herden C, Boldt A,
Mawrin C, et al. A variegated squirrel bornavirus associated
with fatal human encephalitis. N Engl ] Med. 2015;373:
154-62. https:/ /doi.org/10.1056/ NE]Moa1415627
Schlottau K, Forth L, Angstwurm K, Hoper D, Zecher D,
Liesche F, et al. Fatal encephalitic borna disease virus

1 in solid-organ transplant recipients. N Engl ] Med.
2018;379:1377-9. https:/ / doi.org/10.1056/ NEJMc1803115
Korn K, Coras R, Bobinger T, Herzog SM, Liicking H,
Stohr R, et al. Fatal encephalitis associated with borna
disease virus 1. N Engl ] Med. 2018;379:1375-7.

https:/ /doi.org/10.1056/ NEJMc1800724

Schlottau K, Jenckel M, van den Brand J, Fast C, Herden C,
Hoper D, et al. Variegated squirrel bornavirus 1 in
squirrels, Germany and the Netherlands. Emerg Infect Dis.
2017;23:477-81. https:/ /doi.org/10.3201/eid2303.161061
Schlottau K, Hoffmann B, Homeier-Bachmann T, Fast C,
Ulrich RG, Beer M, et al. Multiple detection of zoonotic
variegated squirrel bornavirus 1 RNA in different squirrel
species suggests a possible unknown origin for the virus.
Arch Virol. 2017;162:2747-54. https:/ / doi.org/10.1007/
s00705-017-3432-z

Tappe D, Frank C, Homeier-Bachmann T, Wilking H,
Allendorf V, Schlottau K, et al. Analysis of exotic squirrel
trade and detection of human infections with variegated
squirrel bornavirus 1, Germany, 2005 to 2018. Euro
Surveill. 2019;24:1800483 https:/ /doi.org/10.2807/
1560-7917.ES.2019.24.8.1800483

Dirrwald R, Kolodziejek J, Weissenbock H, Nowotny N.
The bicolored white-toothed shrew Crocidura leucodon
(HERMANN 1780) is an indigenous host of mammalian
borna disease virus. PLoS One. 2014;9:€93659.

https:/ /doi.org/10.1371/journal.pone.0093659
Weissenbock H, Bagé Z, Kolodziejek ], Hager B,
Palmetzhofer G, Diirrwald R, et al. Infections of horses and
shrews with bornaviruses in upper Austria: a novel endemic
area of borna disease. Emerg Microbes Infect. 2017;6:e52.
https:/ /doi.org/10.1038 /emi.2017.36

Tappe D, Schmidt-Chanasit ], Rauch J, Allartz P, Herden C.
Immunopathology of fatal human variegated squirrel
bornavirus 1 encephalitis, Germany, 2011-2013. Emerg
Infect Dis. 2019;25:1058-65. https:/ /doi.org/10.3201/
€id2506.181082

Liesche F, Ruf V, Zoubaa S, Kaletka G, Rosati M,
Rubbenstroth D, et al. The neuropathology of fatal
encephalomyelitis in human borna virus infection. Acta
Neuropathol. 2019;138:653-65. https:/ /doi.org/10.1007/
s00401-019-02047-3

Tappe D, Schlottau K, Cadar D, Hoffmann B, Balke L,
Bewig B, et al. Occupation-associated fatal limbic
encephalitis caused by variegated squirrel bornavirus 1,
Germany, 2013. Emerg Infect Dis. 2018;24:978-87.

https:/ /doi.org/10.3201/ eid2406.172027

Niller HH, Angstwurm K, Rubbenstroth D, Schlottau K,
Ebinger A, Giese S, et al. Zoonotic spillover infections with

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 27, No. 5, May 2021

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Bornavirus Infections in Human Encephalitis Cases

borna disease virus 1 leading to fatal human encephalitis,
1999-2019: an epidemiological investigation. Lancet Infect
Dis. 2020;20:467-77. https:/ / doi.org/10.1016/S1473-3099
(19)30546-8

Coras R, Korn K, Kuerten S, Huttner HB, Ensser A.

Severe bornavirus-encephalitis presenting as Guillain-
Barré-syndrome. Acta Neuropathol. 2019;137:1017-9.
https:/ /doi.org/10.1007/500401-019-02005-z

Venkatesan A, Tunkel AR, Bloch KC, Lauring AS, Sejvar J,
Bitnun A, et al.; International Encephalitis Consortium.
Case definitions, diagnostic algorithms, and priorities in
encephalitis: consensus statement of the international
encephalitis consortium. Clin Infect Dis. 2013;57:1114-28.
https:/ /doi.org/10.1093/ cid / cit458

Tappe D, Frank C, Offergeld R, Wagner-Wiening C, Stark K,
Rubbenstroth D, et al. Low prevalence of borna disease virus
1 (BoDV-1) IgG antibodies in humans from areas endemic
for animal borna disease of southern Germany. Sci Rep.
2019;9:20154. https:/ /doi.org/10.1038/s41598-019-56839-4
Zimmermann V, Rinder M, Kaspers B, Staeheli P,
Rubbenstroth D. Impact of antigenic diversity on
laboratory diagnosis of Avian bornavirus infections in birds.
J Vet Diagn Invest. 2014;26:769-77. https:/ / doi.org/
10.1177/1040638714547258

Kolodziejek J, Diirrwald R, Herzog S, Ehrensperger F,
Lussy H, Nowotny N. Genetic clustering of borna disease
virus natural animal isolates, laboratory and vaccine
strains strongly reflects their regional geographical origin.
J Gen Virol. 2005;86:385-98. https:/ /doi.org/10.1099/
vir.0.80587-0

Diirrwald R, Kolodziejek ], Herzog S, Nowotny N.
Meta-analysis of putative human bornavirus sequences
fails to provide evidence implicating Borna disease virus
in mental illness. Rev Med Virol. 2007;17:181-203.

https:/ /doi.org/10.1002/rmv.530

Nobach D, Bourg M, Herzog S, Lange-Herbst H,
Encarnacao JA, Eickmann M, et al. Shedding of infectious
borna disease virus-1 in living bicolored white-toothed
shrews. PLoS One. 2015;10:e0137018. https:/ /doi.org/
10.1371/journal.pone.0137018

Schulze V, Grofle R, Fiirstenau ], Forth LF, Ebinger A,
Richter MT, et al. Borna disease outbreak with high
mortality in an alpaca herd in a previously unreported
endemic area in Germany. Transbound Emerg Dis.
2020;67:2093-107. https:/ / doi.org/10.1111/ tbed.13556
Hornig M, Briese T, Licinio J, Khabbaz RF, Altshuler LL,
Potkin SG, et al. Absence of evidence for bornavirus
infection in schizophrenia, bipolar disorder and major
depressive disorder. Mol Psychiatry. 2012;17:486-93.
https:/ /doi.org/10.1038/mp.2011.179

Rubbenstroth D, Schlottau K, Schwemmle M, Rissland J,
Beer M. Human bornavirus research: back on track! PLoS
Pathog. 2019;15:€1007873. https:/ /doi.org/10.1371/
journal.ppat.1007873

Billich C, Sauder C, Frank R, Herzog S, Bechter K,
Takahashi K, et al. High-avidity human serum antibodies
recognizing linear epitopes of borna disease virus proteins.
Biol Psychiatry. 2002;51:979-87. https:/ / doi.org/10.1016/
S0006-3223(02)01387-2

Address for correspondence: Dennis Tappe, Bernhard-Nocht-

Institut fiir Tropenmedizin, Bernhard-Nocht-Strasse 74, Hamburg

20359, Germany; email: tappe@bnitm.de

1379



